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Magnetophotoluminescence and magnetotransport were studied in a GaAs/AlGaAs triple quantum well. Oscil-
lations of the photoluminescence intensity observed in tilted magnetic fields were found to correspond to the inter-
layer tunneling quantum Hall gap collapses detected in magnetoresistance measurements and predicted to occur
in tilted magnetic fields. The obtained experimental data were shown to agree well with the theory developed for
double quantum wells. This implies that the observed quantum Hall gap collapses are mostly caused by the tunnel-
ing between a pair of quantum wells. Our results reveal spectroscopic evidence of the quantum Hall gap collapses.
Indications of interlayer correlation effects influencing a character of the inter-Landau-level gaps were found.
DOI: 10.1103/PhysRevB.89.195113 PACS number(s): 73.43.Lp, 73.43.Nq, 78.67.Pt
I. INTRODUCTION
Multicomponent electron systems formed in multiple-
quantum-well (MQW) semiconductor heterostructures have
been the subject of intense studies [1,2], resulting in dis-
coveries of such striking phenomena as the collapse of the
integer quantum Hall effect [3,4], spontaneous interlayer phase
coherence [5–7], and excitonic Bose condensation [8–10].
An additional layer degree of freedom associated with the
third dimension in a MQW system allows for controlling the
competition between intrawell and interwell electron-electron
correlations. Depending on the ratio d/l, where d is the
interlayer separation and l is the magnetic length, different
ground states can be realized in quantum Hall MQWs [11,12].
The correlation effects in quantum Hall (QH) multilayers
have been mostly studied in bilayers using magnetotransport
[13,14], inelastic scattering [15,16], and magnetophotolumi-
nescence (magneto-PL) [17,18] measurements. It is worth
mentioning that the effects of electron correlations were also
observed in a high-mobility weakly coupled MQW embedded
in a wide AlGaAs parabolic well where the quantum transition
manifesting itself in a redistribution of the electron density
over the quantum wells was found in Refs. [19–21]. An
important result of electron correlations in MQW is the
collapse of the QH tunneling gaps, which has been predicted
to occur in coupled QH bilayers in tilted magnetic fields B in
Ref. [22] and observed experimentally in Refs. [13,14]. This
phenomenon relates to the angular-dependent magnetoresis-
tance oscillations (AMRO) found in layered Fermi systems
with a weakly corrugated cylindrical Fermi surface. The
AMRO effect manifests itself as the resistance oscillatory
changes in an angular trace of magnetoresistance and implies
the interlayer tunneling rate vanishing at certain angles. Such
oscillations were first observed in layered organic conductors
[23] and explained as a result of semiclassical Fermi-surface
topological effects [24]. The theory developed by Yamaji [24]
implies coherent interlayer transport. Afterward, it was estab-
lished that AMRO is essentially the same for both coherent
and incoherent interlayer transport [25], and therefore, the
existence of the three-dimensional Fermi surface suggested in
Ref. [24] is not necessary. In quantum Hall multilayer electron
systems the interlayer tunneling rate is responsible for corre-
sponding quantum Hall tunneling gaps, which, according to
AMRO, collapse at certain angles. An intuitive interpretation
based on the Aharonov-Bohm effect suggests that the gap col-
lapse results from destructive interference in the effective tun-
neling amplitude at particular angles of the magnetic field [26].
The interlayer coupling that leads to a finite tunneling gap
is essential for the collapse of the QH tunneling gaps. Thus,
similar to AMRO, the quantum Hall tunneling gap collapses
may be observed in coupled MQW (superlattices). However,
the collapsing of the tunneling gaps critically depends on the
electron mobility, which is considerably lower in coupled
MQWs than in coupled bilayers. It is for this reason that
the collapsing of the tunneling gap has not been observed in
MQWs to date. On the other hand, it is still an open question
whether the QH gap collapse in MQWs is dominated by the
tunneling between a pair of nearest-neighbor quantum wells
or if the next-nearest-neighbor quantum well also contributes.
High-mobility triple quantum wells (TQWs) were reported in
Refs. [27,28], where the integer QH effect and field-induced
trilayer-to-bilayer transition were observed. In addition, the
emergent and reentrant fractional QH effect in a tilted magnetic
field [29] and microwave-induced effects [30] were also
recently found. Such high-mobility TQW presents a good
candidate to explore the influence of several quantum wells
on the quantum Hall tunneling gap collapse.
II. EXPERIMENT
Magneto-optical spectroscopy probes the energy distribu-
tion of the electron density of states and therefore provides
important information about electron correlations, comple-
mentary to magnetotransport measurements. In this work
we report on the data obtained by magnetotransport and
magneto-PL of a highly doped GaAs TQW separated by
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FIG. 1. (Color online) Zero-field electronic energy structure
(black line) and the charge-density profiles (colored lines) self-
consistently calculated for the GaAs/AlGaAs triple-quantum-well
structure with the total electron sheet density ns = 7 × 1011 cm−2.
The inset shows the schematic of the size-quantized states in the
conduction band with interlayer tunneling gaps 12,23, and 13.
AlxGa1−xAs barriers, focusing on the effects of the tilted
magnetic field B. It ought to be pointed out that the magneto-
PL in QH TQWs remains largely unexplored. As demonstrated
in Ref. [22] for coupled QH bilayers, a parallel magnetic field
component results in the collapse of the quantum Hall tunnel-
ing gap between symmetric and antisymmetric electron states.
As a consequence, QH states associated with the tunneling
gap disappear [13,14]. This happens at certain critical magnetic
fields determined by the zeros of the magnetic-field-dependent
interlayer tunneling gap ν , where ν is the filling factor
corresponding to the tunneling gap [22]:
ν = 0e−α2Lν(2α2), (1)
where 0 is the zero-field gap, α = B‖d/B⊥l⊥ with d and
l⊥ = (/eB⊥)1/2 are defined as the interlayer distance and the
perpendicular magnetic length, respectively, B‖ and B⊥ are
magnetic field components parallel and perpendicular to the
plane of the sample, and Lν is a Laguerre polynomial.
In the TQW considered here, the interlayer coupling results
in the formation of three subbands separated by interlayer
tunneling gaps 12,23, and 13, shown in the inset of Fig. 1.
The collapse of the tunneling gap leads to a modulation of the
conduction band density of states and, as a consequence, to a
corresponding change in PL intensity. We found oscillations
in the PL intensity with the magnetic field which correlate
with the collapsing tunneling gaps 12 and 23 observed in
magnetoresistance measurements. This is the spectroscopic
observation of the tunneling gap collapses due to quantum
interference in QH multilayers.
The TQW studied here consists of a 22-nm-thick GaAs
central well and two 10-nm-thick lateral wells each separated
by 2-nm-thick Al0.3Ga0.7As barriers. The samples are symmet-
rically δ doped, and we find that the total electron sheet density
ns = 7 × 1011 cm−2 and the low-temperature mobility μ =
4 × 105 cm2/V s. Samples for transport measurements were
patterned into 200-μm-wide Hall bars with the voltage probes
500 μm apart. The layers were shunted by In Ohmic contacts.
The magnetotransport measurements were carried out at T =
50 mK in a dilution refrigerator using a conventional ac lock-in
technique with a bias current in the range of 0.01–0.1 μA.
Four-terminal resistance Rxx was measured in magnetic fields
up to 15 T, varying the angle of the magnetic field from θ = 0◦
to 80◦, where θ is measured with respect to the surface normal.
The circularly polarized PL was measured at T  300 mK
with magnetic fields up to 18 T applied perpendicular to the
sample surface θ = 0◦ or θ = 55◦. A single 365-μm-diameter
optical fiber delivers the laser excitation (wave length λ =
532 nm, and power density W ≈ 1 mW/cm2) to the sample
in a 3He cryostat. In order to perform circularly polarized
measurements a linear polarizer and a quarter-wave plate are
installed in front of the sample. The σ+ and σ− circularly
polarized PL components are selected by reversing the polarity
of the magnetic field. The σ+ component is related to the
transition between the electron spin state mj = −1/2 and
the heavy-hole state with mj = −3/2, while the heavy-hole
state with mj = +3/2 and the electron spin state mj = +1/2
are responsible for the emission of the σ− component.
III. RESULTS AND DISCUSSION
Figure 1 shows the zero-field band structure and the charge
distribution profiles proportional to the probability density
calculated using a self-consistent Schro¨dinger-Poisson solver
[31]. According to the calculations, the electrons occupy
the three lowest closely spaced size-quantized subbands dis-
tributed over an energy interval of a few meV. The resultant in-
tersubband gaps are 12 ≈ 1.8 meV and 23 ≈ 2.0 meV. The
experimentally determined interlevel gaps 12 = 1.4 meV and
23 ≈ 3.9 meV can be found in Ref. [30]. In the valence band,
photoexcited holes accumulate on the lowest level confined
at the center of the structure. Thus, the PL intensity mostly
measures the radiative recombination between the electrons
and holes in the central quantum well.
The plot of the σ− polarized PL intensity as a function of the
perpendicular component of the magnetic field B⊥ = B cos θ
measured at θ = 55◦ is depicted in Fig. 2, showing two distinct
lines. The low-energy line is likely due to the exciton bound to
a neutral donor (DX center) [32–34], while the more intense
high-energy line relates to the direct recombination between
the states confined in the conduction and valence bands. A
relatively large broadening of the observed PL lines (about
2 meV) is mostly determined by the broadening of the electron
levels in the valence band. Contrary to the magnetotransport
measurements where the high mobility of the conduction band
electrons allows for the clear observation of individual QH
states, separate emissions from individual electron subbands
formed in the conduction band are not distinguished. Never-
theless, as demonstrated below, a modulation of the conduction
band density of states formed by three close electron levels,
driven by the tunneling gap collapse, is definitely detected.
Corresponding oscillations of the PL intensity are observed
in the high magnetic fields at tilted angles. Figure 2 shows
the PL intensity oscillations for σ− as a function of magnetic
field for θ = 55◦. Similar PL intensity oscillations were found
for σ+ polarized PL intensity. It is worth mentioning that
the intensity of the PL line attributed to the excitons bound
to the DX center shows magnetic-field-induced intensity
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FIG. 2. (Color online) σ− polarized PL intensity measured at the
tilt angle θ = 55◦ in the GaAs/AlGaAs triple quantum well as a
function of the perpendicular component of the magnetic field at the
temperature T = 300 mK. White dots indicate the PL peak positions.
The inset shows representative PL spectra measured at a magnetic
field of 0 T and θ = 0◦ (thin yellow line) and 10 T and θ = 55◦ (thick
white line).
modulations similar to the modulation of the PL line caused
by the interband recombination, albeit weakened. We suppose
that this happens because some electrons occupying the
Landau levels in the conduction band recombine with the
holes in the valence band through intermediate-energy levels
corresponding to the excitons bound to DX centers. As a
consequence, both the direct recombination of the excitons
bound to DX centers and the interband recombination of the
electrons located on the Landau levels mediated by DX centers
contribute to the PL line attributed to the emission caused
by DX centers. In such cases changes in the intensity of
the interband recombination will also result in corresponding
changes in the intensity of the PL line due to DX centers. In
addition, the formation of the Landau levels associated with
the conduction miniband states is clearly seen in the weak
magnetic field range.
The Landau-level fan chart together with the Fermi level as
a function of the magnetic field calculated for the TQW studied
here are depicted in Fig. 3. The energy structure of the TQW
is established by the Landau levels separated by the tunneling,
spin-split, and cyclotron gaps. The only tunneling gaps relevant
to the present study depicted in Fig. 3 are 12, 23, and 13.
The effective g factor used in the calculations was determined
by analysis of the Landau-level crossing diagram [14,35,36].
In the TQW studied here the Landau-level crossing observed in
the perpendicular magnetic field yields an effective g factor of
13. At particular tilt angles determined by Eq. (1), the quantum
interference causes the collapses of the tunneling gaps, which
correspond to the filling factors ν = 1,2,4,5,7,9, . . . Some
of these collapses were indeed found in magnetotransport
experiments.
FIG. 3. (Color online) Landau-level energy structure of the
GaAs/AlGaAs triple quantum well. The position of the Fermi level
calculated with the total electron sheet density ns = 7 × 1011 cm−2
is shown by the black line. The numbers depict corresponding
filling factors. The related cyclotron c, Zeeman Z , and interlayer
tunneling gaps 12,23, and 13 are indicated by vertical bars.
Magnetoresistance measured on the same sample as a
function of the tilt angle is demonstrated in Fig. 4(a). The
contrast of the plot is chosen in order to show more clearly the
observed quantum Hall gap collapses; therefore, it does not
demonstrates absolute resistance values. In order to directly
compare to the PL spectra, the magnetoresistance traces
measured at the perpendicular magnetic field and at the tilt
angle θ = 55◦ are shown in Fig. 4(b). At certain titled angles
of the magnetic field, the collapse of the QH tunneling gap
appears as a finite resistance where Rxx goes to zero in
the perpendicular configuration, θ = 0◦ . These collapses
are clearly observed in Figs. 4(a) and 4(b) at filling factors
ν = 4,5,8,9. According to the Landau-level fan chart shown in
Fig. 3, the gaps corresponding to the filling factors ν = 4,5 and
ν = 9 are due to the interlayer tunneling (12, 23 and 12,
respectively), while the one at ν = 8 is caused by the Zeeman
gap. We suppose that the gap observed at the filling factor ν =
8 is due to interlayer tunneling, which changed its character
due to electron-electron interaction. As demonstrated in Refs.
[3,17,20,28,37–42], the electron correlations in MQWs lead to
the formation of a collective ground state, like a charge-density
wave, which manifests itself in a corresponding redistribution
of the electron density over the quantum wells. Such changes
in the local electron density may modify the character of the
gaps in the range of the magnetic field where the interaction
energy is comparable to the Landau-level separation. Thus,
in the range of magnetic fields where the separation of the
Landau levels is small, the gap at the filling factor ν = 8
turns out to be the tunneling gap, instead of the spin-split gap
predicted by single-particle calculations. The large effective
g factor obtained in the structure studied here also indicates
the importance of electron-electron correlations. The QH gap
collapses calculated according to Eq. (1) at the tilt angle
θ = 55◦ and the interlayer distance d = 6 nm are indicated
by arrows in Fig. 4(c). As a result, the theory presented in
[22] is found be able to reproduce the essential features of
195113-3
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FIG. 4. (Color online) (a) Plot of the magnetoresistance mea-
sured at the temperature T = 50 mK in the GaAs/AlGaAs triple
quantum well as a function of the tilting angle. The white line
corresponds to the tilting angle θ = 55◦. Open gray circles indicate
the collapses observed in both the magnetoresistance and photolu-
minescence measurements. (b) Magnetoresistance traces measured
at tilt angles θ = 0◦ (black line) and θ = 55◦ (red line). (c) σ+
(triangles) and σ− (circles) normalized photoluminescence intensities
measured at T = 300 mK in the GaAs/AlGaAs triple quantum well as
a function of the perpendicular magnetic field component at θ = 0◦
(open symbols) and at θ = 55◦ (solid symbols). The positions of
the intersubband quantum Hall gap collapses calculated according to
Eq. (1) for the corresponding filling factors are shown by arrows.
the magnetoresistance measured in tilted magnetic fields in a
TQW.
Normalized σ+ and σ− PL intensities measured at θ = 0◦
and θ = 55◦ are also shown in Fig. 4(c). In the perpendicular
magnetic field θ = 0◦, weak maxima were observed in the
σ− polarized PL intensity. They are associated with the
corresponding insulating integer quantum Hall states, at which
weaker screening results in a PL intensity that is higher than
the metallic quantum Hall states [43,44]. No such oscillations
were found in the σ+ polarized PL intensity, which is likely due
to the weaker σ+ intensity. Three distinct peaks were found
in both polarizations when the magnetic field was tilted to
θ = 55◦. Independent of polarization these peaks are observed
at the same values of the magnetic field. Therefore, they cannot
be attributed to the magnetic-field-induced variations in the
occupied density of states of the Landau levels nearest the
Fermi energy as detected in Ref. [45]. We assign the PL
intensity maxima found in the tilted magnetic field to the
collapses of the tunneling gaps shown in the magnetoresistance
plot by open gray circles. The collapses of the tunneling gaps
result in the increasing density of the electron states in the
conduction band and, as a consequence, in the increasing
PL intensity. The first peak takes place at the magnetic field
corresponding to the superposition of the collapses of the
gaps associated with ν = 8, ν = 9 (which are resolved neither
spectroscopically nor by magnetotransport measurements) and
ν = 11, while the second and third PL peaks are related to the
collapses of the tunneling gaps at ν = 5 and ν = 4. Our results
indicate that the collapses take place over a fairly large interval
of the magnetic fields around the tunneling gap.
IV. CONCLUSION
The collapsing quantum Hall tunneling gaps caused by
tilted magnetic field were found in GaAs/AlGaAs triple
quantum wells independently by magnetotransport and mag-
netophotoluminescence measurements. The inconsistency in
the character of the quantum Hall gap found experimentally
and determined by single-particle calculations is explained by
interlayer electron correlations, which cause a redistribution
of the electrons over the quantum wells, thus changing the
character of the gaps. The theory developed for double
quantum wells in Ref. [22] reproduces reasonably well the
results obtained in the triple quantum wells. This means
that the fundamental contribution to the observed quantum
Hall gap collapses is due to the tunneling between a pair of
nearest-neighbor quantum wells.
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